Endothelial cells and smooth muscle cells produce heparinlike compounds that are growth inhibitory for vascular smooth muscle cells, and it has been suggested that these compounds play a regulatory role that is perturbed with vascular injury. Indeed, exogenous heparin preparations effectively suppress smooth muscle cell proliferation following injury imposed on vascular endothelium. We now report that protamine, an agent that binds heparin and negates its anticoagulant properties, has potent stimulatory effects on vascular smooth muscle cell proliferation. The administration of protamine, alone or as part of commonly used insulin preparations, stimulated the proliferation of cultured smooth muscle cells, exacerbated vascular smooth muscle cell proliferative lesions in laboratory rats, and interfered with the growth-inhibitory effects of heparin in culture and in vivo. These results confirm the importance of endogenous heparinlike compounds in arterial homeostasis and may require reconsideration of protamine use following vascular reparative procedures and in diabetics.
Introduction
Endothelial cells ( ) and smooth muscle cells (2) produce heparinlike compounds that are growth inhibitory for vascular smooth muscle cells, and it has been suggested that these compounds play a regulatory role that is perturbed with vascular injury (3) . Smooth muscle cell proliferation following denuding vascular injury ceases upon reendothelialization, and substantial regression is noted 30 d after injury (4) . Endothelial mitogens like acidic fibroblast growth factor (aFGF) selectively stimulate endothelial regeneration after denuding arterial in-A portion of this work was presented in abstract form at the 1992 annual meeting of the American Heart Association in New Orleans, LA, and was awarded the Melvin A. Marcus Prize in Integrated Physiology. jury and minimize intimal hyperplasia from smooth muscle cells in areas where endothelium was made intact (5) . Conditioned media from confluenit cultures of endothelial cells inhibit vascular smooth muscle cell growth. In major part this effect seems to be the result of a heparinlike compound, as exposure of the media to heparinase abolishes smooth muscle cell growth inhibition (1 ) . Exogenous preparations of heparin (10-100 ,ug/ml) inhibit DNA synthesis in growth arrested cells released from Go block (3) , and continuous infusion of heparin from osmotic pumps almost completely abolishes intimal smooth muscle cell proliferation in denuded arteries (4) . We have previously demonstrated that the local perivascular administration ofthese compounds achieves the same effect, and for some compounds is the only effective means ofsuppressing smooth muscle cell proliferation (6) . Perivascular administration is achieved by placing matrix type polymeric controlled delivery devices adjacent to arteries of interest. The drug is released from these devices into the perivascular space with predictable and repeatable kinetics and is then absorbed and distributed throughout the wall of the artery. This provides for heightened local concentrations at relatively low doses of drug released and without systemic dosing or side effects. When heparin is administered in this fashion, the expected smooth-muscle-cell proliferation following arterial injury is suppressed to a greater extent than intravenous heparin delivery, without systemic anticoagulation (6) . Perivascular administration probably increases local drug concentrations but may also act on specific adventitial receptors. The potency of perivascular administration lends further support to a model of regional control of vascular homeostasis that involves heparan sulfate and similar compounds. Local release of heparinlike compounds maintains smooth muscle cells quiescent in the face ofthe constant barrage of minor insults that strike the vessel surface, but when injury to endothelial cells is overwhelming this check is removed in part or entirety.
To further investigate this model of the vascular injury we sought to neutralize endogenously secreted and exogenously administered heparin with protamine. The protamines are a family of basic proteins rich in arginine, purified from fish sperm (7) and used in a diverse set of medical circumstances. Protamine neutralizes the anticoagulant properties of heparin by establishing a 1:1 pairing ofcationic sites with anionic heparin sites (8, 9) . As a result protamine infusions are used to reverse systemic anticoagulation following most cardiac catheterization and cardiovascular surgical operations (10) . In addition, protamine serves as the crucial element in producing clinically potent, long-acting insulins. The activity of protamine zinc insulin peaks 18-36 h after subcutaneous injection because it contains 0.3 mg protamine per mg insulin. Similarly neutral protamine Hagedorn (NPH) insulin activity peaks at 8-12 h because of the presence of 0. 125 mg protamine per mg of insulin. That protamine is absorbed and metabolized by the body can be inferred from the presence of IgG antibodies to protamine in 93% of patients treated with NPH insulin and 90% of those treated with protamine zinc insulin (PZI)' ( 11 ) .
In fact, 99.7% of all reactions to protamine occur in protamine-insulin-dependent diabetics ( 12) . We therefore administered clinically relevant doses ofprotamine to laboratory rats in the setting ofarterial injury to determine if therapeutically administered protamine might effect vascular repair. In the first case protamine was injected at the conclusion of experimental arterial injury. This resembles the use of protamine as a heparin reversing agent. In the second case animals received continuous release or repeated subcutaneous injections of protamine alone or as part of an insulinprotamine complex in a manner akin to the protamine exposure of insulin-dependent diabetics..
Methods
Intimal hyperplasia and smooth-muscle-cell proliferation. Endothelial denudation of the left common carotid artery in 300-500-g male Sprague-Dawley rats (Charles River Breeding Laboratories, Kingston, MA) was performed with a 2 French fogarty balloon catheter (American Edwards Laboratories, Santa Ana, CA) ( 13). Rats were anesthetized with intraperitoneal sodium Nembutal 0.05 mg/g body wt. A midline incision exposed the distal left common and external carotid arteries. The balloon catheter was introduced into the external carotid artery and passed three times with the balloon distended sufficiently with air to generate slight resistance. Upon removal of the catheter the external carotid artery was ligated. The contralateral artery underwent identical manipulation save for the introduction of the balloon catheter.
Protamine administration. To see ifthe means by which protamine is typically used in the therapeutic realm could have an effect on vascular repair we administered protamine immediately following arterial injury both as a single bolus injection and in a continuously releasing fashion from a subcutaneous depot. In the first set of experiments 30 animals were subjected to balloon injury: 8 received a single injection of heparin (heparin 1453, 12,000-18,000 D, U.S.P. 160 U/mg, Institute de Choay, Paris, France; 437.5 ,ug/kg) immediately prior to the procedure and an injection of protamine sulfate ('-5000 D, 1.3 mg/ kg; Sigma Immunochemicals, St. Louis, MO) immediately afterward; 8 received heparin alone; 8 protamine alone; and 6 animals served as controls without any additional pharmacologic therapy.
In a separate set of experiments protamine was administered from subcutaneously implanted polymer-based controlled release devices (6, 14) . Dry powdered drug was added to a solution of ethylene-vinyl acetate copolymer (EVAc; DuPont Co., Wilmington, DE) dissolved in dichloromethane ( 10% wt/vol) to achieve a final ratio of 33% wt/wt. The drug-polymer suspension was poured into precooled glass molds, removed after hardening, and placed at -20°C and then under vacuum (600 mTorr) for 2 d each. The resultant matrix was a homogeneous dispersion of drug within a porous network of EVAc (14) . Smaller pellets were cut from the larger slabs and coated with four layers of EVAc. Drug release was restrained to emanate from a hole in the coating and near zero-order kinetics obtained in this fashion (6, 15) . Three different-sized matrices were made so as to deliver the polycation with identical kinetics at 32.7, 176.6, or 820.9 pig/kg rat per day over the 3-wk duration of the experiments. The three types of EVAc:protamine 1. Abbreviations used in this paper: BrdU, 5-bromo-2'-deoxyuridine; CZI, crystalline zinc insulin; EVAc, ethylene-vinyl acetate co-polymer; PCNA, proliferating cell nuclear antigen; PZI, protamine zinc insulin. matrices were inserted in the abdominal subcutaneous space of 54 rats; 18 rats per group. After a week of pretreatment animals were subjected to routine balloon induced denuding injury. Half of the animals in a group received no further therapy, and in the other animals, heparincontaining matrices were placed alongside the injured artery. This means oflocal heparin administration has proven to be especially effective in reducing intimal hyperplasia following denuding vascular injury (6) . A separate group of 12 animals served as controls; 6 were subjected to balloon injury alone and 6 to balloon injury with perivascular heparin release. Finally, 6 other animals had an intermediate size protamine releasing polymer matrix (209.5 ,g/kg per d) placed in the perivascular region of the injured common carotid artery to determine whether local protamine delivery might provide heightened local concentrations of protamine and an increased effect. When a protamine matrix was already alongside the artery a second matrix releasing heparin could not be added, as the relative size of the two matrices precluded this in practice and the possibility that the heparin and protamine might bind together before reaching the artery served as a theoretical contraindication.
Protamine-insulin. The vascular effects of protamine containing insulins was studied in rats made diabetic with the tail-vein injection of 65 pg/kg streptozotocin (UpJohn Co., Inc., Kalamazoo, MI). The diabetic state was confirmed with serial determinations of blood and urine glucose during a 7-d observation period. 15 animals were then begun on twice-daily injections ofcrystalline zinc insulin (CZI, U-100; Eli Lilly & Co., Indianapolis, IN), and 16 animals on single injections of protamine zinc insulin (PZI, U-I00; Eli Lilly & Co.). Insulin dosing was guided by daily determinations of blood and urine glucose. Blood glucose was maintained at 80-120 mg/dl, and urinary glucose at 0, such that typical doses for crystalline zinc insulin included 40 U/kg per d and protamine zinc insulin 20 U/kg per d. After 1 wk of satisfying these conditions animals were subjected to denuding balloon injury of their left common carotid artery.
Tissue processing. On the 14th postoperative day animals were euthanized and perfused clear retrograde via the abdominal aorta with lactated ringers followed by fixation with modified Ito-Karnovsky's (4% paraformaldehyde, 0.05% glutaraldehyde, and 15% saturated picric acid in 0.1 M sodium phosphate buffer, pH 7.4) or Carnoy's fixative (60% methanol, 30% chloroform, 10% glacial acetic acid). The location ofthe implanted devices was noted and the devices recovered with the intact arteries. Both common carotid arteries were harvested and cut into three equal segments. The segments were paraffin embedded and microtome sectioned. 8-12 sections along the length of each segment were obtained and stained with hematoxylin/eosin or verHoeff's elastin stain. The intimal, medial, and adventitial areas, the intima/ media area ratio, and the percent of luminal occlusion were calculated for each arterial segment using computerized digital planimetry with a dedicated video microscope and individualized software. The averages of all sections and segments were used for comparison. Edge detection software was further used to detect cell number within 8-32 sections per media or intima and, when combined with area data, used to determine cell density. All analyses were confirmed by visual inspection, and the accuracy ofthe system verified with a series of matched manual cell density determinations.
Immunocvtochemistry. Sections were also stained with antibodies to proliferating cell nuclear antigen (PCNA) to delineate proliferating cells and to smooth muscle cell actin to identify smooth muscle cells. In experiments with the diabetic animals, cell proliferation was also followed over the entire duration ofthe experiment by injecting the thymidine analogue 5-bromo-2'-deoxyuridine (BrdU; New England Nuclear, Boston, MA; DuPont Corp., Wilmington, DE) at 50 mg/kg i.p., every 4 to 7 d, from the 3rd d after injury and 1 h before being killed. Intracellular BrdU was identified immunocytochemically. This enabled us to match the PCNA determination of cell proliferation with the BrdU assay of DNA synthesis, and to examine whether heparin and/or protamine effected the expression of PCNA.
Immunocytochemical analyses was performed as follows. Arterial sections were deparaffinized in xylene and ethanol baths. Endogenous Protamine, Protamine-Insulin, and Vascular Injury 2309 peroxidase activity was quenched with a 20-min immersion in a solution of200 ml methanol with 50 ml of 3% hydrogen peroxide. Nonspecific antibody binding was prevented by preincubating the tissues for 20 min with serum ( 1:10) from species other than those used to raise the primary antibody. The sections were then exposed to the primary antibody (Coulter Immunology, Hialeah, FL) to PCNA (60 min), BrdU (60 min) and smooth muscle cells (90 min). Mouse IgG anti-PCNA was diluted 1:2,000, mouse anti-BrdU 1:50 and mouse antismooth muscle cell actin was used at 1:5,000. After the sections were rinsed in PBS, they were incubated for an additional hour with biotinylated IgG directed against the secondary antibody. Peroxidase labeling was achieved with a 1-h incubation using avidin/peroxidase complex (Vector Labs, Inc., Burlingame, CA). Antibody visualization was established after a 5-min exposure to 0.05% 3,3'-diaminobenzidine (Sigma Chemical Co., St. Louis, MO) in 0.05 M Tris-HCl at pH 7.6 with 0.003% hydrogen peroxide. In other sections antibody visualization was obtained with alkaline phosphatase. After incorporation ofthe secondary antibody was complete, slides were rinsed and soaked in PBS, incubated for 1 h with ABC-alkaline phosphatase solution, rinsed again with PBS, and exposed to ABC-alkaline phosphatase substrate diluted in 5 ml of Tris-HCl at pH 8.2 for 10-30 min. Sections were counterstained with methyl green or hematoxylin.
Effects on smooth muscle cells in culture. The effects of protamine on smooth muscle cell proliferation were measured on smooth muscle cells cultured from Sprague-Dawley rat aortas (passage 6-10). Cells were growth arrested in culture for 48 h in 0.4% FCS/RPMI medium and then released from Go by addition of 20% FCS/RPMI with increasing doses of protamine, with or without 10 lg/ml of heparin. After 4 d the smooth muscle cells were washed in Ca++ and Mg"+-free Hanks' Hepes and released from the dish by trypsinization. Cell number was determined using a Coulter counter. Each data point is presented as the mean±SE for three separate experiments performed with triplicate wells at each dose. Percent inhibition or stimulation ofproliferation was measured as: 100 cell number in 20% FCS plus heparin and/or protamine _ cell number in 20% FCS Thus, a positive value indicates stimulation of proliferation above that provided by 20% FCS, and a negative number indicates inhibition of the stimulation provided by 20% FCS.
Statistics. Data are presented as the mean±SE. Statistical comparisons were performed with nonpaired t test for groups of unequal sample sizes, paired t test for coupled data, chi-square analysis or ANOVA when appropriate. Data were rejected as not significantly different if P values of greater than 0.05 were observed. Data line fits were established using a linear regression model. ately before injury. Protamine increased the amount of intimal hyperplasia observed 2 w after endothelial denudation whether heparin was administered (stippled bar, 40.5% increase, P < 0.03, compared with control, dark bar) or not (cross-hatched bars, 50% increase, P < 0.04 compared with control, clear bar). The single injection of heparin (dark bar) had no effect (P = NS).
Results
Neointimal hyperplasia: protamine and/or heparin. When we administered protamine sulfate as a single intravenous bolus injection, at a dose typically used to reverse systemic heparinization following cardiac catheterization or cardio-pulmonary bypass ( [PROTAMINE] ug/kg/day Figure 2 . (A) Continuous release of protamine sulfate stimulates intimal hyperplasia and prevents the growth-inhibitory effects of heparin. Solvent cast ethylene-vinyl-acetate copolymer drug matrices continuously released protamine into the abdominal subcutaneous space at three different doses and heparin into the perivascular space of balloon-denuded carotid arteries at 183.3 ag/kg per d. The controlled release of heparin reduced intimal hyperplasia 2 w after arterial injury 71.0% (dark vs. clear bars, P < 0.0001). Intimal hyperplasia rose when protamine was released from the matrices for 7 d before the arterial injury and carried out for an additional 2 wk (8-10 rats per dose) above the control rats (hatched bars), and negated the antiproliferative effect of simultaneous perivascular heparin release (stippled bars, P < 0.0001 compared with respective controls) in a dose-dependent fashion. (B) Continuous release of protamine sulfate stimulates cell proliferation and prevents the growth-inhibitory effects of heparin. The effect of protamine on intimal hyperplasia was mirrored by an increase in intimal cell proliferation as determined by immunoperoxidase identification ofthe presence of PCNA. Cell proliferation was increased more than 4-fold above control for all doses of protamine studied (hatched bars). Heparin alone reduced cell proliferation 78% (dark vs. clear bars, P < 0.001 ) and increasing doses of protamine reversed this antiproliferative effect (stippled bars) such that, at the two higher protamine doses, growth stimulation predominated and even exceeded the effects of protamine alone.
intimal hyperplasia was increased 46.7±6.1% (P < 0.04 compared with control, Fig. 1) . In contrast, a single intravenous bolus of heparin had no effect on intimal area. To examine the effects of repeated exposure to protamine such as might occur with multiple daily injections of protamine-containing insulins, we released protamine from subcutaneously implanted polymer/drug matrices for 1 wk before and 2 wk after arterial injury. Protamine-treated animals exhibited greater intimal hyperplasia (Fig. 2 A) , and more cell proliferation (Fig. 2 B) than untreated controls at all doses. At 820.9 ,ug/kg per d of protamine, intimal extracellular area was increased 30.4±4% above controls. In the absence of protamine, heparin released from a controlled release device in the perivascular space reduced intimal hyperplasia in comparison to untreated control rats by 7 1% (Fig. 2 A) . Increasing doses ofprotamine progressively negated heparin's inhibition of intimal growth (Fig. 2 A) and cell proliferation (Fig. 2 B) , such that the highest dose of protamine examined completely reversed the inhibitory effects of heparin and produced intimal hyperplasia exceeding that seen in control animals by 8.8%.
Similar results were obtained with cultured rat vascular smooth muscle cells. Protamine altered the mitogenic response of aortic smooth muscle cells isolated from the same species of rat used in the in vivo experiments. Protamine increased the growth of vascular smooth muscle cells above growth in 20% FCS alone in a dose-dependent manner. The expected inhibition of growth in FCS by heparin was negated by protamine ( Fig. 3) . Thus, increasing doses ofprotamine provided progressively more growth stimulation and reduced the growth-inhibitory effects of heparin.
Protamine-insulin. To determine whether the same effects observed with protamine alone might be observed with protamine containing insulins, we investigated the differential vascular effects of protamine-containing and protamine-free insulins in streptozotocin-induced diabetic rats. Neointimal hyperplasia following balloon arterial injury was markedly reduced in streptozotocin-diabetic animals compared with control animals ( Fig. 4) . These results mirror classic studies documenting a reduction in hypercholesterolemic diet-induced atherosclerotic lesions in diabetic animals and the negation ofthis protection by subsequent administration of insulin (16) (17) (18) (19) (20) .
We now demonstrate the differential effects of protaminecontaining and protamine-free insulins on intimal hyperplasia. Injections of PZI (0.3 mg protamine/mg insulin) increased other rats were injected with protamine containing insulin (PZI, n = 12) or nonprotamine insulin (CZI, n = 12). Intimal hyperplasia 2 w after arterial injury was substantially lower in diabetic animals than controls (DM vs. CON, P < 0.005) and insulin therapy negated this protective effect. Protamine containing insulin (PZI, n = 12) increased lesion area 5.2-fold above that seen in the untreated diabetic animals (P < 0.04), while the area of the neointima in animals treated with injections of nonprotamine insulin (CZI, n = 12) was increased to a far lesser, and not statistically significant, degree than the area observed in the diabetics. intimal hyperplasia 5.2-fold above that observed in untreated diabetic rats (P < 0.005, Fig. 4 ), such that the values were statistically indistinguishable from those obtained in the nondiabetic control animals. The increase in intimal area with protamine-free crystalline zinc insulin CZI injections was substantially lower than that seen with protamine-insulin-treated animals (P < 0.04, Fig. 4 ). Changes in cell proliferation (Table I) and intimal hyperplasia were not related to differences in regulation of glucose or lipid metabolism. Though diabetic rats were hyperglycemic (400-500 mg/dl) and hypercholesterolemic (P < 0.03 compared with controls), serum glucose, cholesterol, and HbA~c values in the crystalline zinc insulin and protamine zinc insulin treated rats were indistinguishable and not statistically different from those of nondiabetic controls (Table I) . Cell proliferation was determined immunocytochemically by intracellular incorporation of the thymidine analogue 5-bromo-2'-deoxyuridine injected at 50 mg/kg 3, 7, and 14 d after injury. PZItreated animals had increased cell proliferation in comparison to control or CZI-treated animals (t test, P < 0.04), but glycosylated hemoglobin (HbAc) and serum cholesterol levels for either of the treated animal groups were not statistically different from those of nondiabetic controls. In contrast diabetic rats were relatively hypercholesterolemic (P < 0.03 compared with controls) and their HbAlc was increased threefold, reflecting persistently elevated blood glucose levels at 400-500 mg/dl.
Protamine, Protamine-Insulin, and Vascular Injury
Discussion
The administration of protamine, alone or as part of commonly used insulin preparations, stimulated the proliferation of cultured smooth muscle cells, exacerbated vascular smooth muscle cell proliferative lesions in laboratory rats, and interfered with the growth-inhibitory effects of heparin in culture and in vivo. Heparin, protamine and the vascular response to injury. Heparan-mediated control of vascular repair has been proposed as an important regulator of vascular injury. Endothelial cells (1), and perhaps smooth muscle cells (2), produce or moderate the production or release of heparinlike compounds that inhibit DNA synthesis and subsequent growth of smooth muscle cells (3) . Exogenous heparin is especially effective in suppressing the intimal hyperplastic lesion that results from smooth muscle cell proliferation following vascular injury (4), and the regression of smooth muscle cell proliferation following reendothelialization may be mediated by the release of heparinlike compounds. Aside from suppressing smooth muscle cell migration and proliferation (1) (2) (3) (4) , heparin also alters the form and extent of extracellular matrix elaboration (21) (22) (23) , the activity of heparanase (24, 25), and the stability and activity of specific growth factors (26, 27) .
The protamines are a family of basic proteins rich in arginine (7) , which ionically bind heparin and inactivate heparin's anticoagulant activity (9, (28) (29) (30) (31) . We now demonstrate that protamine can negate the vascular antiproliferative effects of heparin as well as the antithrombotic effects. Heparin's ability to inhibit smooth muscle cell proliferation is distinct from its anticoagulant effects, as chemically modified heparin whose anticoagulant activity had been removed proved to be just as potent on a mass basis at inhibiting smooth-muscle-cell proliferation (6, 32, 33) . Thus, protamine may interrupt vascular repair by binding heparin or endogenous heparinlike compounds, or by some direct mechanism of its own. For example, protamine may interfere with the ability of heparan sulfate proteoglycan to bind and sequester growth factors or to block soluble heparinlike compounds from preventing heparin-avid growth factors from binding to their receptors. Indeed, protamine has been demonstrated to affect binding and mitogenicity of the heparin avid-growth factors, PDGF (34) (35) (36) , and both acidic and basic fibroblast growth factor (37). Protamine has also been reported to inhibit angiogenesis and in that regard was proposed as a putative antineoplastic agent (38, 39) .
The data we now present lends further support to the complexity of vascular repair and the importance of heparinlike compounds in mediating vascular injury. That indices ofproliferation are increased ( Fig. 2 B and Table I ) but exhibit a nonlinear relationship with the concomitant rise in intimal hyperplasia ( Fig. 2 A) in all likelihood reflects the complexity of the generation and propagation of the neointimal lesion that involves migration of smooth muscle cells and elaboration of extracellular matrix as well as cell proliferation. The potent effects of a single dose ofprotamine, in contrast to the lack ofa discernible effect on intimal hyperplasia from a single injection ofheparin, further highlight the wide range ofeffects that might result from protamine. Clinical implications. There is already significant concern with the continued use of protamine for reversal of systemic heparinization (40-43). Protamine reactions include hypoten-sion and vascular collapse (12) , as well as effects on hematologic and pulmonary function (40, 41, 43, 44) . Our study might add the potential for exacerbation of proliferative vascular disease to this list. In the setting of vascular injury and vascular manipulation, such as arterial bypass or angioplasty, protamine administration may be especially harmful. Vasculoproliferative complications may be especially problematic for protamine-insulin dependent diabetics and/or patients receiving protamine for heparin reversal following arterial bypass or angioplasty. Both of these patient groups are already at increased risk of developing accelerated arteriopathies that limit the utility of angioplasty and bypass surgery (45, 46) . Further animal and human trials might better determine the strength of these associations and may change the way we treat both diabetes and atherosclerosis.
